A bismuth telluride (BT)/indium selenide (IS) multilayer film was deposited at room temperature by rf magnetron sputtering on a sapphire substrate in order to investigate how the multilayered structure affects the microstructure and thermoelectric properties. The effect of annealing at different temperatures was also studied. The results were compared with those from a BT film with the same thickness. A TEM study showed that the interface between the BT and IS layers became vague as the annealing temperature increased, and the BT layer crystallized while the IS layer did not. The presence of thin IS layers can help to limit the evaporation of Te from the BT/IS multilayer film, thus increasing the amount of Bi 2 Te 3 phase in the multilayer film as compared with that of the BT film. An abrupt increase in the Seebeck coefficient of the multilayer film was observed when annealed at 300 C, and the resistivity of the annealed multilayer film was high compared to that of the BT film. This result can also be explained by the proposed role of the IS layer, which limits the evaporation of Te at high temperature. The highest power factor of ∼3 9 × 10 −6 W/K 2 cm was obtained at room temperature from the multilayer film annealed at 300 C.
INTRODUCTION
With the great demand for environmentally friendly energy sources, thermoelectric materials can be used in cooling modules and power generators which utilize the phenomenon of direct energy conversion in solid state between heat and electricity. Since Goldsmith et al. reported on bismuth telluride alloys with a thermoelectric figure-of-merit (ZT) of nearly one at room temperature, [1] [2] no other material with a ZT over one was reported for more than five decades, until the 1990s. Recently, however, with the use of low-dimensional thermoelectric materials with nano-structures, [12] [13] thermoelectric performance has been improved by controlling not only the electrical properties (Seebeck coefficient and electrical resistivity), but also the thermal conductivity. * Author to whom correspondence should be addressed. Dresselhaus,  12 superlattice structures of Bi 2 Te 3 /Sb 2 Te 3   3 and Si-Ge 4 were studied and reported to show improved performance, which was ascribed to the reduction of the lattice thermal conductivity in the cross-plane direction. 13 Among several thin film deposition methods (such as metal organic chemical vapor deposition, 5 molecular beam epitaxy, 6 sputtering, 7 and thermal evaporation 8 , sputtering has certain advantages, especially when depositing multicomponent films with various composition ratios. Also, magnetron sputtering is widely used to fabricate thermoelectric thin films.
Based on the concepts reported by Hicks and
In this study, bismuth telluride (BT)/indium selenide (IS) multilayer films were first deposited by rf-magnetron sputtering and then annealed. Figure 1 shows the schematic diagrams of (a) the multilayer film and (b) the BT film with the same thickness as the multilayer film, both deposited on sapphire substrate. In order to investigate how the multilayer on top of the thick BT layer affects the electrical properties, the multilayer film with a thickness of a few nanometers was deposited on the bismuth telluride layer ( Fig. 1(a) ). BT and IS were selected because Bi 2 Te 3 has been the most widely used thermoelectric material with high performance at room temperature and IS was recently reported to have a high ZT 9 (the reported phase of the high ZT was In 4 Se 3− .
The presence of multiple layers in films increases the number of possible interface areas, which in turn can lead to an increase in phonon scattering and a decrease in thermal conductivity, without deteriorating the Seebeck coefficient or the electrical conductivity. The effect of the presence of IS layers (See Fig. 1(a) ) on the phases, microstructure, and electrical properties were investigated and compared with those of the BT film ( Fig. 1(b) ).
EXPERIMENTAL DETAILS
BT and BT/IS multilayer films were fabricated by sputtering using Bi 2 Te 3 and In 2 Se 3 targets (99.99%, respectively) at room temperature. Two periods of BT/IS multilayer films were deposited on the BT layer with a total thickness of ∼470 nm. The thickness of the BT and IS layer was 4 nm each. RF powers for the deposition of BT and IS were set to 30 W and 20 W, respectively. Deposition was carried out in a working pressure of 5 mTorr and an Ar gas flow of 12 sccm. To obtain uniform composition and thickness of the films, the substrate was rotated during the deposition. To compare the characteristics of the multilayer film with the single layer film, a BT film with the same thickness was also deposited under the same sputtering conditions. The as-deposited films were thermally annealed (RTA) for three minutes at various temperatures (150, 200, and 300 C) under an Ar ambient.
The Seebeck coefficient was measured at room temperature by connecting one side of the film to a copper block that was kept at constant temperature and the other side to a heated copper block where the temperature difference changed from 0.5 to 2 K. The electrical resistivity was measured at room temperature using the Hall measurement system. Structural characterization was carried out by X-ray diffraction (XRD, Dmax 2500, Rigaku), and the microstructural features were analyzed using a transmission electron microscope (TEM, Tecnai F30 S-Twin, FEI) and selected area electron diffraction (SAED). Figure 2 shows the X-ray diffraction patterns of (a) BT/IS multilayer films annealed at different temperatures and (b) films with multilayer and single layer annealed at 300 C. The as-deposited multilayer film consists of Bi 2 Te 3 and BiTe phases. In the films annealed at temperatures higher 
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The as-deposited film shows a poor crystallinity that increases as the annealing temperature increases. No peaks from the IS were observed in any of the films. In the single layer film, as the annealing temperature rises, the amount of BiTe increases as the Bi 2 Te 3 decreases. This result can be attributed to the evaporation of Te, which was reported to start at ∼290 C. 11 The presence of thin IS layers on top of the thick BT layer can help to reduce the evaporation of Te from the BT layer, which can be observed by comparing the integrated intensity ratios from Figure 2( Figure 2(b) . The ratio (I 23 /I Te deficient of the film with multilayer is ∼1.58%, while that of the film with only a single layer is ∼1.1%, which means the increased amount of Bi 2 Te 3 phases in the multilayered film. Figures 3(a and b) show the TEM images of the multilayer structure of the film both before and after annealing at 300 C, respectively. Both BT and IS layers, which were identified as amorphous from the selected area electron diffraction (SAED), can be observed in the TEM image of the multilayer film before annealing (Fig. 3(a) ). It becomes difficult to distinguish the interfaces of the film after annealing (Fig. 3(b) ). However, SAED showed that the BT layer crystallizes, but the IS layer remains amorphous.
The changes of the Seebeck coefficient, electrical resistivity, and power factor as a function of annealing temperature are shown in Figure 4 . All of the samples were found to be n-type conductors. The absolute values of the Seebeck coefficients of both films were slightly increased as the annealing temperature increased to 200 C. When the annealing temperature is above 200 C, the Seebeck coefficients of the two films behave differently; that of the multilayer film abruptly increases, while that of the single layer films slightly decreases. As discussed above, more Te evaporates from the single layer film than from the multilayer film. The increased amount of BiTe in Fig. 3 . TEM images of multilayer structure of (a) as deposited (b) after annealing at 300 C. BT-bismuth telluride layer, IS-indium selenide layer. the single layer film, which results from the increased evaporation of Te, can cause the Seebeck coefficient to decrease. 10 Meanwhile, the multilayer film retains more of the Bi 2 Te 3 phase (with its increased crystallinity) than the single layer film, thus causing the abrupt increase of the Seebeck coefficient. The resistivity of both films decreases as annealing temperature increases (Fig. 4(b) ). When the annealing temperature increases, the crystallinity of the films increases (as shown in Fig. 2(a) annealed at 150 C, the mobility of the BT and BT/IS multilayer were 7.0 and 7.6 cm 2 /Vs, respectively. Those figures increased to 16 and 28 cm 2 /Vs, respectively, when the annealing temperature increased to 300 C. The higher resistivity of the multilayer film after annealing at temperatures above 150 C can be caused by two different factors: the presence of the highly resistive amorphous IS phase, and the lower resistivity of the BiTe phase, as compared to the Bi 2 Te 3 phase. 10 The power factor (S 2 in Figure 4 (c) was calculated using the Seebeck coefficient and resistivity values from Figures 4(a and b) . The highest power factor (S 2 ) ∼3 9 × 10 −6 W/K 2 cm was obtained from the multilayer film after annealing at 300 C. The result shows that thermoelectric properties can be improved by the presence of a multilayer structure of BT and IS, even when the BT is not a phase-pure Bi 2 Te 3 film.
CONCLUSION
In order to investigate how a multilayered structure affects the microstructure and thermoelectric properties, a bismuth telluride (BT)/indium selenide (IS) multilayer film was deposited on a sapphire substrate. The effect of annealing at different temperatures was also studied. The results were compared with those from a BT film. The TEM/SAED study showed that the interface between the BT and IS layers became vague as the annealing temperature increased, and the BT layer crystallized while the IS layer did not. The presence of thin IS layers can help reduce the evaporation of Te from the BT/IS multilayer film, thus allowing more of the Bi 2 Te 3 phase to be present in the multilayer film than in the BT film. This effect of the IS layers can also explain both the abrupt increase of the Seebeck coefficient and the high resistivity of the multilayer film annealed at 300 C (as compared to the BT film). At room temperature, the highest power factor of ∼3 9 × 10 −6 W/K 2 cm was obtained from the multilayer film annealed at 300 C. The presence of the interface between the BT and IS layers will help to increase the scattering of phonons and decrease the thermal conductivity, which will improve the thermoelectric performance.
